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ABSTRACT 34 
This work proposes a meso-scale approach for modeling the failure behavior of concrete exposed at 35 
elevated temperature inducing thermal damage. The procedure accounts for a thermo-mechanical 36 
and pore-pressure based interface constitutive rule. More specifically, the model represents a 37 
straightforward extension of a coupled thermo-mechanical fracture energy-based interface 38 
formulation, accounting now for damage induced by the temperature dependent pore-pressure 39 
effects in concrete. The nonlinear response of the proposed fully coupled interface model for porous 40 
cohesive-frictional composites, like concrete, is activated under kinematic, temperature and/or 41 
hydraulic increments (with or without jumps). A simplified procedure is proposed to consider the 42 
temperature dependent pore-pressure action. After describing the updated version of the interface 43 
model, this work focuses on numerical analyses of concrete failure response under high temperature 44 
tests. Particularly, meso-scale analyses demonstrate the predictive capabilities of the proposed 45 
formulation. 46 
 47 
KEYWORDS: Thermal damage, Fracture, Discrete Crack Approach, Meso-scale, Pore-pressure.  48 
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1. INTRODUCTION 49 
High temperature in concrete members represents a field of great interest due to its crucial influence 50 
in terms of induced thermal damage, affecting strength, durability and serviceability conditions of 51 
structural components. Specifically, exposure to high temperature and/or fire represents one of the 52 
most destructive events that concrete constructions and structures can suffer [1][2]. The most 53 
relevant mechanical properties of concrete and cementitious mortar composites such as cohesion, 54 
friction, stiffness and strength show severe degradation under long term exposure to these critical 55 
conditions [3][4]. 56 
Experimental evidence  shows that above 300 ºC, the chemical composition, the micro- and 57 
mesoscopic physical compositions, as well as the moisture content (through the inner open 58 
porosity) of concrete change drastically [5] [6]. This is due to both the dehydration process of the 59 
hardened cement paste and the conversion of calcium hydroxide into calcium oxide [7]. As a 60 
consequence, during and after long term exposure to high temperature, the most important 61 
mechanical features of concrete such as cohesion, tensile and compressive strengths, Young’s 62 
modulus and Poisson's ratio show dramatic and radical decreases [8][9]. 63 
When temperature rises, particularly in the range 20-200 ºC, cementitious materials quickly 64 
diminish their mass per unit volume because of the loss of evaporable water. In the range between 65 
200 and 600 °C the mass loss rate continuously and monotonically decreases. This is mainly due to 66 
the loss of water chemically combined to the calcium silicate hydrates. Beyond 600 °C the 67 
decomposition of magnesium and calcium carbonates, constituting the concrete matrix, causes 68 
further weight loss, which may reach up to 10 % of its original value [10][11][12]. 69 
Plenty of the available scientific articles related to experimental studies on concrete deal with   the 70 
evaluation of its mechanical properties variations when subjected to increasing temperature, with 71 
special attention on durability aspects. The study of pore size distribution in concrete exposed to 72 
thermal action (up to 800 °C) has been addressed by Janotka and Bagel [13]. This work confirmed 73 
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that under increasing temperatures the pore size mainly grows and its distribution becomes more 74 
and more homogeneous throughout the concrete bulk. Porosity of concrete subjected to high 75 
temperatures may increase up to 40 % of its initial value. It is worth mentioning that porosity’s rise 76 
is not only due to the evaporable water loss, but also to the dehydration of the gel structure formed 77 
by the calcium-silicate hydration products [14]. 78 
One of the crucial and most investigated phenomena in concrete components subjected to fire or 79 
high temperature is the so-called “spalling effect”. Such a phenomenon has been analyzed both, 80 
experimentally [15][16] and theoretically [17][18]. Particularly, the process of spalling is quite 81 
complex. The literature on this matter underlines that it mainly depends on several coupling actions: 82 
i.e., the porosity of the cement matrix, the amount of water content and the stress state either due to 83 
thermal gradients and/or applied mechanical loads. During heating, the water within the concrete is 84 
transformed into steam and tends to migrate to colder areas of the matrix. Once the vapor flux 85 
reaches the coldest zones it condenses again, forming a fully saturated water layer. This process 86 
typically occurs in regions of the concrete components located near the heated surface. These 87 
regions where this phenomenon develops are commonly called “moisture clog”. They are 88 
characterized by a low permeability, generating an impermeable barrier to gases flux. Thus, the 89 
continuous temperature rise, with the subsequent generation of further vapor gases, which cannot 90 
escape to colder areas due to the presence of the water barrier, generates pore-pressure. Such 91 
increase in the pore-pressure, added to the stresses induced by thermal strains, mainly activates the 92 
spalling mechanism. It is important to remark that pore-pressure mainly acts as a trigger of this 93 
mechanism. Once the cracking process starts, and despite the quick pore-pressure release, the 94 
spalling mechanism further develops due to the already generated strong localization of failure and 95 
the action of increasing thermo-mechanical stresses [19][20]. 96 
In this paper the discrete-crack approach is followed to simulate, at the mesoscopic level of 97 
observation, the failure behavior of porous materials, such as concrete, when subjected to long term 98 
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exposure to high temperature. To this end, a zero-thickness interface constitutive theory for thermo-99 
poroinelastic cementitious composites is formulated, which is based on a further extension of the 100 
temperature dependent interface model for non-porous materials by Caggiano and Etse [21]. The 101 
proposed interface theory includes a novel pressure-dependent dehydration rule accounting for the 102 
porosity features of concrete and thermal conditions. The thermo-poroinelastic interface model, as 103 
shown in this work, allows accurate mesoscopic simulations of concrete failure process when 104 
subjected to arbitrary combinations of high temperature or fire and mechanical loading. 105 
After the abovementioned brief literature review, Section 2 summarizes the modeling assumptions 106 
based on a meso-mechanical approach for the coupled thermo-mechanical problem. In Section 3 the 107 
temperature dependent interface theory is formulated, which is used for numerical analyses of 108 
cracking behavior of quasi-brittle porous materials such as cementitious mortar and concrete in the 109 
framework of the discrete crack approach. Section 4 presents the validation of the proposed 110 
interface model. The considered finite element approach for the evaluation of concrete failure 111 
processes at the mesoscopic level of observation, under different temperatures and mechanical 112 
loading, clearly demonstrates the soundness and capability of the numerical tools. Some concluding 113 
remarks are finally drawn out in Section 5.  114 
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2. MESOSCOPIC THERMO-MESOMECHANICAL PROBLEM 115 
A mesoscopic procedure for the numerical analysis of concrete specimens subjected to arbitrary 116 
combined effects of temperature and mechanical actions is presented in this section. Particularly, 117 
concrete is represented as a 2D composite material characterized by large aggregates embedded in a 118 
surrounding cementitious matrix (which represents the mortar paste plus fine aggregates). 119 
 120 
 121 
(a)     (b)     (c) 122 
Figure 1: Concrete meso-structure: (a) randomly perturbed points distribution, (b) Voronoi 123 
diagram and (c) explicit meso-geometry. 124 
 125 
The meso-scale modeling procedure accounts for the following assumptions:   126 
 A convex polygonal representation is adopted for both large aggregates and the surrounding 127 
mortar matrix. They are numerically generated through standard Voronoi/Delaunay 128 
tessellation procedure [22] starting from a regularly distributed array of points. These are 129 
then slightly perturbed (Figure 1a) with the aim of obtaining the so-called Voronoi diagram 130 
(Figure 1b). Once this diagram is obtained the explicit mesoscopic structure can be obtained 131 
by resizing and randomly rotating the Voronoi polygons (Figure 1c). It is worth mentioning 132 
that the explicit meso-geometry of a concrete specimen can be also obtained by advanced 133 
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scanning tomographic procedures, i.e. by means of “CT scan” techniques (computer-134 
processed combinations of X-Ray images), as employed in real specimens [40][41]. 135 
 136 
 137 
(a)      (b)       (c) 138 
Figure 2: FE mesoscopic discretization: (a) concrete specimen, (b) surrounding matrix and (c) 139 
coarse aggregates [23][24]. 140 
 141 
 142 
Figure 3: Detail of a zero-thickness interface introduced between two continuous elements. 143 
 144 
 2D Finite Element (FE) mesh is generated through the discretization of each mesoscopic 145 
polyhedron particle into iso-parametric 4-nodes elements as schematically indicated in 146 
Figure 2. Particularly, thermoelastic finite elements are considered for both aggregate and 147 
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mortar continuum elements, being temperature and displacements the node variables. Elastic 148 
properties of concrete play a key role in its overall temperature-dependent response. Based 149 
on several experimental results [6][25][26] the dependency of the concrete elasticity 150 
modulus E  and of the Poisson’s ratio   on the temperature rise can be approximated by 151 
means of the following temperature-based rules  0 1 EE E     and  0 1      , where 152 
0T T    is the temperature rise (being T and 0T  the actual and reference temperatures, 153 
respectively), 0E  and 0  are the elastic modulus and Poisson’s ratio at a reference 154 
temperature 0T , respectively, and lastly E  and   are degradation parameters to be 155 
calibrated (suggested values by the authors for normal strength concrete are 0.0014E   156 
and 0.0010  ).  157 
 4-nodes Interface Elements (IEs) are thus introduced along contiguous continuum elements 158 
of the matrix material as well as along all joints between aggregates and matrix elements 159 
(more details are provided in Section 4, specifically in Figure 20) by means of a proper node 160 
duplication and update of the FE connectivity matrix, see Figure 3. The fine mesh 161 
discretization of the mesoscopic concrete structure and the inclusion of IEs along all solid 162 
element joints, allow to reproduce the most critical cracking mechanism compatible with the 163 
(mesoscopic level of observation) boundary conditions of the considered problem.  164 
 Thermomechanical fracture processes in concrete mesoscopic structures are modeled in this 165 
work through dissipation mechanisms in the zero-thickness interfaces. They are based on a 166 
novel fracture-based model combined with a thermal damage and pore-pressure constitutive 167 
law. The complete description of the interface constitutive model is provided in Section 3.  168 
It should be noted that the location of cracks in discontinuous models based on zero-thickness 169 
interfaces is pre-defined, since the IEs are “a priori” inserted. This feature of the so-called 170 
discrete crack approach, based on fix interfaces, which is used in this paper to model the whole 171 
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dissipation and fracture processes taking place in both, aggregate-to-mortar and mortar-to-172 
mortar interfaces, may lead to a strong mesh dependency of the numerical results. However, this 173 
mesh dependency of the failure predictions, when based on fix located interfaces, strongly 174 
decreases, and their overall objectivity significantly improves, if sufficiently fine meshes or 175 
discretizations are considered [42] [43] [44]. In these cases, due to the high density of the 176 
involved meshes, the crack grow, in any possible stage of the failure process, may follow the 177 
most critical path for reaching the maximum energy dissipation, compatible with the applied 178 
displacement excitation. 179 
Lastly, it is worth remarking that the inclusion of interfaces connecting solid mortar elements, 180 
instead of modeling the non-linear behavior of this material by means of continuous material 181 
formulations, strongly contributes to reduce the mesh dependency of the results associated with 182 
the so-called smeared crack approaches. 183 
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3. DISCONTINUOUS THERMO-ELASTO-PLASTIC INTERFACE 184 
MODEL 185 
This section describes the temperature-dependent interface formulation aimed at analyzing coupled 186 
thermomechanical cracking behavior of quasi-brittle porous materials such as cementitious mortars 187 
and concretes. The constitutive equations are formulated in terms of effective contact stresses vs. 188 
relative displacements, defined at the discontinuity joint mid-plane.  189 
Similarly to Segura and Carol [27], the effective stress vector  ,
T
N T t  on the interface’s mid-190 
plane is defined as 191 
 
j vpp t t b . (1) 
where 
N  and T  are the effective normal and total shear components, respectively, j  the 192 
discontinuity Biot’s coefficient [27] and,  1,0
T
b  a vector that accounts for the fluid pore-193 
pressure acting in the normal direction to the interface axis. Moreover,  ,
T
N T t  is the total 194 
interface stress vector, being 
N  the total normal component. 195 
3.1.Fracture/temperature-based model for plain mortar/concrete interface 196 
Fundamental constitutive equations of the thermo-poroplastic interface model are [21] 197 
 
 
1·
·
el cr th
el
cr th

  

  
d
d
u u u u
u C t
t C u u u
 (2) 
where [ , ]Tu vu  is the rate of the relative interface displacement vector, additively decomposed 198 
into the elastic, plastic and thermal components, ?̇?𝑒𝑙, ?̇?𝑐𝑟 and ?̇?𝑡ℎ. As previously highlighted 199 
[ , ]TN T 
.
t  is the rate vector of effective stresses and 
d
C  the thermally degraded elastic stiffness 200 
matrix, with kN and kT the normal and tangential elastic stiffness, respectively, affected by the scalar 201 
damage variable as reported in [21].  202 
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The rate of effective normal and tangential interface stresses takes the form 203 
 · [ ]ep T 
d
t C u f  (3) 
being ep
d
C  the tangential interface stiffness for elastoplastic degradation and [ ]Tf  the thermal 204 
interface effective stresses due to the temperature rate. Further details of the coupled thermo-205 
mechanical interface model formulation can be seen in [21]. 206 
3.2. Pore-pressure description 207 
Classical procedures for modeling drying and vapor diffusion phenomena in porous media like 208 
concrete follow the calculation of moisture diffusion processes. Particularly, plenty of models 209 
account for simulating the migration (flux) of the “evaporable water” throughout the pore structure 210 
of cementitious composites through diffusion-type approaches [28]. Thereafter, the pore-pressure 211 
can be computed from the combined effect of moisture diffusion and temperature rising phenomena 212 
coupled with thermally dependent mechanical effects.  213 
The moisture diffusion, which is a quite complex phenomenon in concrete computational 214 
mechanics, and more specifically within the framework of the coupled thermomechanical interface 215 
model formulation outlined in this work, is here not taken into account. The emphasis of the 216 
proposed interface model formulation is the analysis of porous media like concrete when subjected 217 
to the combined action of mechanical loading and high temperature in the spirit of a fully coupled 218 
numerical tool. Nevertheless, this formulation accounts for porous media features of concrete, 219 
allowing to explicitly consider the effect of pore-pressure in the overall material response. In this 220 
regard, and as discussed in the following sections, the experimental evidence demonstrates that the 221 
combined action of moisture and temperature diffusion may lead to accentuated concentrations of 222 
pore-pressure, causing great influence in the failure mode of concrete.  223 
Thus, a simplified procedure is proposed to account for the pore vapor pressure evolution due to 224 
heating or cooling processes. This procedure allows to indirectly and effectively accounting for the 225 
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concrete hydraulic flux and drying processes during heating processes. Particularly, the following 226 
evolution law for the pore  pressure is adopted 227 
 
 
 
1
2
,0
,0
0 if 0
if 0
if
vp vp
vp vp
T T
vp vp vp
T T
vp vp
T
p p e T T
p e T T



 
 

  


 (4) 
where pvp,0, Tvp, vp1 and vp2 are model parameters to be calibrated. Figure 4 illustrates the proposed 228 
pvp-temperature rule, and its comparison against the experimental pore-pressure measurements by 229 
Pereira et al. [29]  in concrete specimens subjected to heating. 230 
 231 
 232 
Figure 4: pvp – temperature rule: comparison of the proposed law against poro-pressure 233 
experimental measurements on heated concrete speciments by Pereira et al. [29]: Tvp=200 °C, 234 
avp1= 0.025 and avp1= 0.006. 235 
 236 
It is worth to mention that the proposed interface model allows to account for the pore-pressure 237 
concentration, caused by temperature diffusion, without involving complex hydro-238 
thermomechanical coupling under temperature and moisture diffusion. This is clearly a simplified 239 
but highly effective procedure for analyzing such a complex phenomenon. Nevertheless, the current 240 
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formulation allows for a straightforward extension to also account for the moisture diffusion during 241 
thermomechanical actions. This is currently under development by the authors in the framework of 242 
multiscale homogenization procedures. 243 
 244 
3.3. Heat transfer across interfaces 245 
Heat transfer throughout an opened interface is governed by means of the following convective 246 
interface rule [30] 247 
 
n cq h T       (5) 
which assumes a discontinuity in the temperature field 248 
 0T T T            (6) 
being T     the norm of the temperature jump (across the interface), with T
  and T   the 249 
temperatures on the + and - sides of the considered interface; ch  is the convective heat transfer 250 
coefficient. Its value mainly depends on the normal relative displacement across the interface ( u

) 251 
of the interface 252 
 253 
   0 inf,c c ch h u h h h   . (7) 
Particularly, ch  varies between a maximum value, 0h  related to the thermal conductivity, and a 254 
minimum one infh  which denotes the convective heat transfer coefficient for an open crack [21]. 255 
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4. NUMERICAL EXAMPLES 256 
In this section, the predictions of the proposed interface model for coupled thermo-mechanical 257 
failure analysis are evaluated under different temperature and mechanical conditions. Plenty of 258 
numerical analyses performed at constitutive, macroscopic and mesoscopic levels are presented and 259 
discussed regarding the combined temperature and pore-pressure effects on the developed failure 260 
mechanisms. 261 
4.1. Residual strength test I: Calibration analyses at interface level 262 
Direct tensile tests were performed for calibration purpose. Concrete specimens exposed to room, 263 
medium and high temperatures (at residual stages) are considered as reference. The numerical setup 264 
involves the calibration of a single contact (interface) as schematically presented in Figure 5.  265 
 266 
 267 
Figure 5: Setup of tensile tests. 268 
 269 
Particularly, experimental results by Bamonte and Felicetti [33] were taken into account as 270 
benchmark for the numerical calibration. As a result of the calibration process, the temperature 271 
dependent decay function of the tensile peak strength highlighted in Figure 6 is updated. In this 272 
figure, the good agreement between this decay function and the experimental tensile peak strengths 273 
by Bamonte and Felicetti [33] can be observed. The resulting model parameters are reported in 274 
Table 1. 275 
Direct Tension
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Table 1: Model parameters calibrated against the experimental results by Bamonte and Felicetti [33]. 276 
 Fracture/temperature-based model parameters [21] 
Interface stiffness 
500 /
200 /
N
T
k MPa mm
k MPa mm


 
Yield criterion 0 0 04.0 7.0 tan 0.6MPa c MPa     
Flow and softening rules tan 0.3 0.67 10 0.5tan dilr MPa        
Fracture energies 10 0.5dil MPa     
Temperature-based rule ,0 ,20 1500 1.8
o o
avg avg f dT C T C        
 277 
 278 
Figure 6: Strength decay in direct tensile tests: experimental results (dots) [33] vs. model 279 
predictions (continuous curve). 280 
 281 
Figure 7: Tensile stress vs. crack opening curves: experimental (residual) results [33] against 282 
numerical predictions. 283 
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Figure 7 shows the comparisons between the experimental and numerical results in terms of tensile 284 
stress vs. crack-opening displacements for the three different temperature levels. It figures out 285 
accurate predictions of the interface model not only regarding stiffness and peak strength, but also 286 
concerning the temperature dependent post peak behavior. Beyond the soundness and capability of 287 
the interface proposal in predicting failure behavior of concrete affected by temperature, the 288 
numerical results demonstrate the capabilities of the discontinuous formulation to reproduce the 289 
strong thermal sensitivity of concrete mechanical behavior in its whole range. 290 
The complete description of these numerical tests, the adopted calibration and their validation 291 
against experimental data were proposed and extensively discussed in a previous work published by 292 
the authors; see Caggiano and Etse [21]. The exhaustive discussion is here omitted for the sake of 293 
brevity. 294 
4.2. Residual strength tests II: Predictive analyses at macroscopic level 295 
In the next series of analyses a simple shear test, schematically shown in Figure 8, is proposed on 296 
concrete frames subjected to room, medium and high temperature. The same material parameters of 297 
Section 4.1 have been employed with this purpose. 298 
 299 
17 
 
 300 
Figure 8: Geometry and boundary condition of a direct shear wall (100×100×10 cm3). 301 
 302 
Main goal of these analyses is to evaluate the capability of the proposed interface formulation 303 
within a macroscopic FE discretization to predict the structural response and its mechanical 304 
degradation due to temperature in direct shear. For this purpose, the FE arrangement exhibited in 305 
Figure 8 of the concrete wall in residual condition, and subjected to vertical pressure and lateral 306 
shear, is considered. Altogether, 708 nodes and 2141 4-node bi-linear and poroelastic finite 307 
elements, under plane stress conditions, were considered in this domain discretization. The 308 
nonlinear poroplastic interfaces were included along the contact lines between continuum finite 309 
elements indicated on the right hand side of Figure 8. Geometrical dimensions of the concrete wall 310 
are 100×100×10 cm3. Different confinement pressures were applied on the top surface and the 311 
lateral shear was applied under displacement control. 312 
Figure 9 shows the numerical predictions in terms of the shear load versus lateral displacement at 313 
room temperature. As expected, it can be observed a strong influence of the applied vertical 314 
pressures in the initialization of the cracking mechanism, exhibiting higher cracking resistance and 315 
Confinement
Interfaces Interfaces
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less failure location as the vertical pressure increases. As a result, a steeper post-peak response is 316 
observed in those specimens under low (or zero) confinement. 317 
Figure 10 shows the results corresponding to specimens subjected to pure shear (no confinement). 318 
These analyses focus on the temperature effects in concrete walls failure behavior under simple 319 
shear. As it can be observed, the cracking or macroscopic damage in the pre-peak regime reduces 320 
with temperature. However, due to degradation of the concrete/mortar mechanical features, the 321 
overall stiffness decreases, while the axial displacement at peak load increases with temperature. 322 
The results under medium and high temperatures also illustrate the significant influence of the 323 
thermal effects on the post-peak ductility. Altogether these results demonstrate that high 324 
temperature induces relevant changes and degradations on the fundamental structural features of 325 
concrete components subjected to simple shear which result in dramatic modifications of the 326 
strength capabilities and involved kinematics. The latter may lead to severe and sudden structural 327 
instabilities. 328 
 329 
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Figure 9: Shear load-displacement responses and failure crack configurations: test results at T=20 330 
°C and different vertical confinement levels. 331 
 332 
 333 
Figure 10: Shear load-displacement responses and failure crack configurations: vertical 334 
confinement level considered null and variable temperatures. 335 
 336 
 337 
Figure 11: Shear load-displacement responses and failure crack configurations: vertical 338 
confinement level of 1.0 MPa and variable temperatures. 339 
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 340 
Figure 12: Shear load-displacement responses and failure crack configurations: vertical 341 
confinement level of 2.0 MPa and variable temperatures. 342 
 343 
Figure 11-13 present the numerical results corresponding to the shear panels when the combined 344 
effects of vertical pressure and temperature were applied. Particularly, in Figure 11, for the low 345 
confinement level (1.0 MPa) a similar failure behavior to the non-pressure case can be observed in 346 
terms of shear load versus lateral displacement. This means that the larger the temperature the lower 347 
the peak-stress and the larger the peak-load displacements. Similar post-peak responses can be 348 
observed for room temperature and 200 °C. 349 
Figure 12 shows the results under medium confinement (i.e., 2.0 MPa). Thereby, an increasing post-350 
peak ductility can be observed for all temperature cases, which is manifested in a much less steeper 351 
softening curve. Same trend but with an even softer response can be observed for the highest 352 
applied pressure (2.5 MPa) in Figure 13. 353 
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 355 
Figure 13: Shear load-displacement responses and failure crack configurations: vertical 356 
confinement level of 2.5 MPa and variable temperatures. 357 
4.3. Concrete panel subjected to fire 358 
In this section, a numerical transient analysis is performed on a 12-cm thick concrete panel when 359 
subjected to fire exposure on one side (Figure 14). Considered fire action follows the standard ISO-360 
834 fire for buildings as indicated in Figure 15. The FE discretization involves 1780 nodes and 89 361 
plane strain eight-node coupled temperature-displacement elements. 362 
 363 
  364 
Figure 14: Schematic representation of the geometry and boundary conditions of analysis. 365 
 366 
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 368 
Figure 15: Temperature development (“fire curve”) for buildings namely ISO-834. 369 
 370 
As can be observed in Figure 16 the heating gradually propagates from the panel surface subjected 371 
to fire (under Dirichlet boundary conditions) to the panel center through the solid poroelastic FEs. 372 
Consequently, and due to the temperature dependent pore-pressure law of the proposed interface 373 
model, this fundamental variable of the concrete porous phase evolves in time and panel-width 374 
spaces as indicated in Figure 17. As it can be seen from Figure 16 and 17, the maximum vapor 375 
poro-pressure (0.7-0.8 MPa) takes place in the region of the concrete panel width where the 376 
temperature reaches values approximately equal to 200 °C.  377 
 378 
 379 
Figure 16: Temperature across the wall (X coordinate) for different times of analysis. 380 
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  382 
Figure 17: Pore-pressure across the wall (X coordinate) for different times of analysis.  383 
 384 
The predictions of temperature and pore-pressure evolutions in heated concrete panels obtained 385 
with the proposed poroplastic interface model in this work, agree very well with other numerical 386 
results which are available in the scientific literature related to high temperature tests on concrete 387 
components, see [35][36][37][38].  388 
4.4. Coupled thermo-mechanical test in tensile mode 389 
In this section, coupled thermo-mechanical tests on concrete specimens under tensile mode, as 390 
shown in Figure 5, are numerically performed to evaluate the overall interface model performance 391 
under more general multiphysical actions. The concrete specimen discretization and 392 
thermomechanical boundary conditions are shown in Figure 18. Assumed thermal parameters for 393 
the thermo-mechanical coupling are listed in  394 
 395 
Table 2. 396 
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 398 
Figure 18: Specimen geometry, boundary conditions and considered steps. 399 
 400 
Two numerical analyses were performed, one including the temperature-dependent pore-pressure 401 
law detailed in Section 4.3, while in the second one the pore-pressure was assumed as temperature 402 
independent.  403 
Figure 19(a) illustrates the applied interface normal separation vs. temperature variation during the 404 
numerical tests. Firstly pure mode I fracture displacements were imposed under room temperature 405 
(i.e., 20 °C); then the ISO-834 temperature curve was applied to the whole specimen, while keeping 406 
fixed the tensile displacement (similarly to the well-known relaxation test but under heating), see 407 
Figure 18. Figure 19 (b) and (c) show the obtained results in terms of stress vs. interface separation 408 
and stress vs. temperature, respectively.  409 
Step-1
Mode I displacement  
imposed at room 
temperature
Step-2
ISO-834 temperature 
curve is applied
(holding the applied 
displacement)  
°C
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 410 
(a) 411 
 412 
(b) 413 
 414 
(c) 415 
Figure 19: (a) displacement-temperature input history, (b) normal stress vs. interface opening 416 
displacements and (c) stress-temperature response. 417 
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Table 2: Thermal parameters of concrete according to EN 1992-1-2:2004 [34]. 420 
 421 
                
T [°C] cp [J kg
-1 °C-1] λ [W m-1 °C-1] εth [-] T [°C] ρ[kg m
-3] 
E 
[GPa] 
ν [-] 
20 900 1.642 1.12E-07 20 2300 38.200 0.200 
100 1470 1.498 4.94E-04 100 2300 33.922 0.184 
200 1000 1.332 1.19E-03 200 2254 28.574 0.164 
400 1100 1.049 3.18E-03 400 2185 17.878 0.124 
500 1100 0.932 4.63E-03 500 2165 12.530 0.104 
600 1100 0.832 6.50E-03 600 2145 7.182 0.084 
700 1100 0.748 8.88E-03 700 2125 1.834 0.064 
734 1100 0.723 9.82E-03 734 2118 0.015 0.057 
800 1100 0.680 1.18E-02 800 2105 0.015 0.057 
900 1100 0.629 1.20E-02 900 2084 0.015 0.057 
1000 1100 0.595 1.20E-02 1000 2064 0.015 0.057 
1100 1100 0.576 1.20E-02 1100 2044 0.015 0.057 
1200 1100 0.574 1.20E-02 1200 2024 0.015 0.057 
                
 422 
     423 
 424 
 425 
As expected, the temperature-dependent pore-pressure behavior leads to increments of the effective 426 
normal stress during heating and, therefore, the interface failure surface is approached at lower 427 
temperature (209 °C) than in the case of temperature-independent pore-pressure (310 °C). 428 
Consequently, the degradation process of the interface state parameters start earlier during the 429 
heating process and the complete failure of the specimen (reached when the tensile stress becomes 430 
zero) takes place at lower temperature (343 °C ) in case of the temperature-dependent pore-pressure 431 
law, as compared to the temperature-independent case (446 °C). 432 
4.5. Coupled thermo-mechanical analyses of concrete failure behavior at mesoscopic level 433 
For the purpose of these numerical analyses, the mesoscopic FE discretization of 100×100 434 
mm2 concrete specimens shown in Figure 20 was adopted. This is based on a 6×6 arrangement of 435 
coarse aggregates embedded in a cementitious matrix. This mesoscopic geometry is characterized 436 
by an average aggregate size of 17.33 mm and a volume fraction of 0.45. The reference mesh, see 437 
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Figure 2, is composed by 8440 nodes, 5020 4-nodes isoparametric plane stress elements and 1814 438 
contact interfaces. Continuum elements representing coarse aggregates and mortars were assumed 439 
as linear thermoelastics while non-linear, temperature-dependent, interfaces were lumped at all 440 
mortar-to-mortar and aggregate-to-matrix joints. 441 
Table 3: Thermal-based parameters for the mesoscopic numerical analyses. 442 
              
T [°C] cp[J kg
-1°C-1] λ [W m-1°C-1] ρ [kg m-3] E [GPa]  ν [-] α [ C-1] 
20 900 1.64 2300 3.82E+01 0.200 5.00E-06 
99 900 1.50 2300 3.40E+01 0.184 5.00E-06 
100 1470 1.50 2300 3.39E+01 0.184 5.00E-06 
115 1470 1.47 2300 3.31E+01 0.181 5.00E-06 
185 1083 1.36 2268 2.94E+01 0.167 5.00E-06 
200 1000 1.33 2254 2.86E+01 0.164 4.49E-06 
300 1050 1.18 2220 2.32E+01 0.144 2.38E-06 
400 1100 1.05 2185 1.79E+01 0.124 1.80E-06 
500 1100 0.93 2165 1.25E+01 0.104 1.59E-06 
600 1100 0.83 2145 7.18E+00 0.084 1.57E-06 
700 1100 0.75 2125 1.83E+00 0.064 1.56E-06 
720 1100 0.73 2121 7.64E-01 0.060 1.55E-06 
734 1100 0.72 2118 1.53E-02 0.057 1.55E-06 
800 1100 0.68 2105 1.53E-02 0.057 1.54E-06 
900 1100 0.63 2084 1.53E-02 0.057 1.52E-06 
1000 1100 0.59 2064 1.53E-02 0.057 1.50E-06 
1100 1100 0.58 2044 1.53E-02 0.057 1.50E-06 
1200 1100 0.57 2024 1.53E-02 0.057 1.50E-06 
              
 443 
 444 
In the mesoscopic numerical analyses, interface elastic stiffness in both normal and tangential 445 
directions (kN and kT, respectively) were set as high as possible and compatible with numerical 446 
conditioning [39] in order to obtain thermo-elastic responses which are mainly controlled by the 447 
temperature-based deformation of the continuum elements. Elastic material parameters at 20 °C  448 
were assumed as: aggregates E = 70.0 GPa, mortar matrix E = 38.2 GPa and  = 0.2 (Poisson 449 
ratio) for both of them.  Considered temperature-dependent parameters and thermal variables  for 450 
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the aggregates were:  = 0.04 W×m-1×°C-1, pc =790 J×kg
-1×°C-1,  =1.25×10-6 °C-1 and  =2300 451 
kg×m-3; while that for the mortar are listed in Table 3. For mortar-mortar interface: kN = 500 452 
MPa/mm, kT = 200 MPa/mm, tan0 = 0.6, tan = 0.3, rtan = 0.67, 0 = 3.0 MPa, c0 = 6.5 MPa, IfG  453 
= 0.07 N/mm, IIa
fG  = 0.7 N/mm. For all other parameters, the same values to those informed in  454 
Caggiano and Etse [21] were assumed. Mortar-aggregate parameters agree with those of the mortar-455 
mortar interfaces with exception of 0 = 2.0 MPa, c0 = 4.5 MPa, IfG  = 0.05 N/mm and 
IIa
fG  = 0.5 456 
N/mm. Finally, considered thermal and dehydration parameters were those indicated in Section 4.1 457 
and 4.4. 458 
 459 
 460 
Figure 20: Coupled thermo-mechanical meso-scale analysis with two-step simulations: mesh, 461 
boundary conditions and interfaces. 462 
4.5.1. Mesoscopic thermo-mechanical tensile tests 463 
Numerical analyses at mesoscopic level under tensile loading combined with heating are 464 
described in this section. As shown in Figure 20 the mesoscopic analyses involved two phases: a 465 
first phase (or step-1) under pure uniaxial tensile displacements at room temperature, and a second 466 
phase (or step-2), where the ISO-FIRE 834 heating (Figure 15) was applied, while keeping constant 467 
the lately reached vertical displacement in step-1. Particularly, in step-1 vertical displacement 468 
increments were uniformly applied in all nodes of the upper mesh side. Symmetry boundary 469 
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conditions were applied on the left and bottom sides of the specimen. In the second phase two 470 
different heating cases were alternatively evaluated: (i) heating is applied in all mesh nodes and (ii) 471 
heating is only applied along the specimen contour (i.e. all nodes along the right and upper sides, 472 
where Dirichlet boundary conditions were considered). Case (i) represents the heating process in a 473 
relatively narrow concrete panel where the fire action involves the entire panel volume while case 474 
(ii) represents the heating process in a column or long concrete element, where fire action only 475 
affects the element perimeter.   476 
  477 
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 478 
  (a) 479 
 480 
  481 
(b) 482 
Figure 21: Imposed tensile displacements (STEP-1: 20 °C): (a) stress-normal separation response 483 
and (b) crack configurations (deformation scale factor ×10). 484 
 485 
The results obtained during step-1, under 20°C, are plotted in Figure 21. The curve 486 
representing the obtained response behavior in terms of the average stress (obtained by dividing the 487 
sum of all nodal vertical reactions times the specimen length) versus the applied vertical 488 
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displacement is highlighted in Figure 21(a). The cracking evolution at the mesoscopic level of 489 
observation during step-1 can be observed in Figure 21(b).  490 
Four different analyses were performed to simulate concrete behavior during the step-2 or 491 
heating phase, as follow: 492 
 all+Hy+Pp: Heating case (i) was applied (all nodes affected), while interfaces with  493 
dehydration functions (temperature-dependent interface model [21]) and temperature-494 
dependent pore-pressure rule were assumed; 495 
 all+Hy-Pp: Heating case (i) and interfaces with dehydration functions and temperature-496 
independent pore-pressure; 497 
 UR+Hy+Pp: Heating case (ii) and interfaces with both dehydration functions and 498 
temperature-dependent pore-pressure; 499 
 UR+Hy-Pp: Heating case (ii) and interfaces with dehydration functions and temperature-500 
independent pore-pressure. 501 
Temperature-dependent results of the aforementioned 4 analyses can be observed in Figure 502 
22. Altogether, six different levels of maximum pre-imposed vertical displacement were reached in 503 
step-1: 0.10, 0.15, 0.20, 0.25, 0.30 and 0.35 mm. From each one of these reached pre-cracking 504 
vertical displacements under room temperature, the heating process started during step-2, and the 505 
corresponding evolution of the mean stress in term of the applied temperature is shown in each one 506 
of the 6 diagrams in Figure 22. As it can be observed, the temperature dependency of the pore-507 
pressure strongly influenced the overall response, see curves +Pp vs. –Pp, and so it does the type of 508 
heating affecting the concrete element, i.e. case (i) (curves all) or (ii) (curves UR).  509 
  510 
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 511 
  512 
  513 
Figure 22: Tensile stress-temperature response for six pre-stretched levels (step-1) and four 514 
boundary step-2 conditions. 515 
 516 
The numerical results highlight that the stress relaxation rate under heating in step-2 is higher 517 
when the complete mesh is affected by the increasing temperature. At low and middle initial (or 518 
pre-stretched) vertical displacements (e.g., up to 0.30 mm), the temperature dependency of the pore-519 
pressure affects more significantly the stress relaxation processes of the tests under heating case (i) 520 
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(all nodes affected). However, when middle initial pre-imposed vertical displacement was reached 521 
in step-1 (e.g., 0.15, 0.20 and 0.25 mm), the temperature dependency of the pore-pressure affects 522 
more those relaxation curves corresponding to heating case (ii) (heating nodes along the right and 523 
upper sides). It can also be observed that the stress relaxation processes of the tests under heating 524 
case (i), where all mesh is heated, is characterized by an apparent recovery (namely, stress-525 
temperature “re-hardening”) of the mean stress (see between 200 and 350  C of the tests “all” in 526 
Figure 22). This phenomenon, occurring for 5 of the  6 analyzed “all” cases (Figure 22), can be 527 
explained as result of the thermal expansions occurred in the continuous elements during 528 
temperature rises which try to close the active cracks and for that producing an increment of the 529 
overall post-cracking strength of the analyzed meso-specimens. Then, for temperatures beyond the 530 
350/400 °C the effect of the de-hydration rule affecting the internal parameters of the cracking 531 
criteria allowed to reach the complete failure of the specimens. This effect did not occurred for the 532 
tensile tests in which the step-1 was followed up to 0.35 mm (maximum pre-imposed displacement) 533 
being in this case the opened cracks sufficiently high to be not influenced by the thermal expansion 534 
of the material. Moreover, all tests of Figure 22 with the case (ii) “UR” of heating did not register, 535 
as expected, such a stress recovery response: i.e., the temperature rises throughout these meso-536 
specimens were much lower than those cases in which the whole panel was heated. Hence, a lower 537 
thermal expansion (aimed at acting as crack-closing) interested the UR tests. Figure 23 reports the 538 
crack evolution during the heating cases (i) and (ii) on the specimen previously subjected to pre-539 
stretched displacement (step-1) of 0.35 mm.  540 
The results in Figures 21 to 23 demonstrate the soundness of the interface model and 541 
numerical tools to analyze the failure behavior of concrete components under coupled thermo-542 
mechanical actions. They also demonstrate that the temperature dependent pore-pressure 543 
assumption in this interface model provides an effective and quite simple methodology to indirectly 544 
account for the drying effects and changes in the concrete hydraulic flux due to temperature.     545 
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 546 
 547 
(a) 548 
 549 
 550 
(b) 551 
 552 
Figure 23: Crack configurations with a pre-stretched level (step-1) of 0.35 mm: (a) UR+Hy+Pp 553 
and (b) all+Hy+Pp (deformation scale factor ×10). 554 
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4.5.2. Mesoscopic thermo-mechanical compression tests 555 
Meso-scale tests under compression combined with heating are described in this section in a 556 
similar way of the previous tensile analyses. Thus, the concrete specimen at mesoscale level of 557 
Figure 20, with similar boundary conditions, was subjected to 2 sequential loading steps. Firstly, 558 
uniaxial compression in vertical direction under displacement control and room temperature was 559 
applied. In the second phase (or step-2), the ISO-FIRE 834 heating (Figure 15) was enforced, 560 
keeping constant the pre-imposed compression displacements reached in step-1. As for the tensile 561 
cases, two different heating cases were considered: (i) heating in all mesh nodes and, (ii) heating 562 
along the specimen’s contour.  563 
The results obtained during step-1 (at 20 °C) are shown in Figure 24. As before, average 564 
compressive stresses are obtained by dividing total vertical reaction by the specimen’s cross-565 
section. Figure 24(a) shows the mean stress vs. vertical displacement curve while the crack 566 
evolutions and configurations at several loading stages during step-1 are represented in Figure 567 
24(b).  568 
The same four analyses (all+Hy+Pp, all+Hy-Pp, UR+Hy+Pp and UR+Hy-Pp) proposed for 569 
the tensile cases, as described in the previous section, were considered during the step-2 (heating 570 
phase). Temperature-dependent results of these 4 cases can be observed in Figure 25. For the 571 
compression cases four pre-compressive levels were considered in step-1: -0.50, -0.75, -1.00 and -572 
1.125 mm, respectively. From each one of these reached pre-vertical displacements at 20 °C, the 573 
heating process started during step-2, and the corresponding evolution of the mean compressive 574 
stress in term of the applied temperature is shown in each one of the 4 graphs of Figure 25. It can be 575 
observed that the responses are mainly influenced by the increasing temperature field and are quite 576 
insensible to the pore-pressure effects (see curves +Pp vs. -Pp). These quite different results to those 577 
obtained in the tensile tests can be better understood by analyzing the micro- and macro-crack 578 
evolutions in the compressive tests (Figure 26). Damage and strain localizations under compression 579 
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are clearly characterized by inclined shear bands and mode II of fractures. In these fracture modes, 580 
and related stress states, the pore-pressure has very limited (or directly non) effect. Only in tensile 581 
failure forms, under fracture mode I, the normal interface stresses, which control the failure process, 582 
are highly sensitive to the pore-pressure. This is the reason why only the tensile tests (and not the 583 
compression ones) are considerably influenced by Pp. 584 
 585 
  (a) 586 
 587 
   588 
(b) 589 
Figure 24: Imposed compression displacements (STEP-1: 20 °C): (a) stress-normal separation 590 
response and (b) crack configurations (deformation scale factor ×10). 591 
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The numerical results demonstrate that the stress relaxation rate during heating is more 592 
significant when the whole concrete specimen is affected by the temperature rise. It can be observed 593 
that when low and middle pre-compression levels were reached in phase 1 (vertical displacements 594 
of -0.50 and -0.75 mm), for the heating case (i) (entire specimen subjected to heating) a re-595 
hardening effect takes place during first part of phase II. This effect, occurring in 2 of the 4 596 
analyzed cases of Figure 25, deals with the concrete thermal expansions which in this numerical 597 
tool is capture by the thermoelastic formulation of the continuous elements. Actually, this thermal 598 
expansion gives rise to an additional “confinement” and, therefore, to an increase of the overall 599 
concrete cracking strength. Continuing with these cases and when middle and, moreover, high 600 
temperatures are reached during phase 2, and due to de-hydration rule affecting the internal 601 
parameters of the interface yielding/cracking criteria, the complete failure of the concrete specimen 602 
is obtained. The thermal expansion phenomenon during heating strongly reduces in those concrete 603 
specimens where the compressive stress reached in phase 1 is high (maximum vertical 604 
displacements at the end of step 1 of -1.00 mm and -1.125 mm). This is because the strong concrete 605 
mechanical damage reached during the purely compressive phase 1 reduces its thermal sensitivity. 606 
Finally, all tests heated with “UR” denoted, as expected, low thermal expansion and no influence of 607 
this phenomenon on their overall stress-displacement responses.  608 
Finally, Figure 26 illustrates the crack evolution during the heating cases (i) and (ii) of the test 609 
previously subjected to a pre-compression of -1.125 mm during step-1.  610 
 611 
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    612 
  613 
Figure 25: Compressive stress-temperature response under fours pre-compression configurations 614 
(step-1) and four boundary step-2 conditions. 615 
 616 
(a) 617 
 618 
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  619 
(b) 620 
Figure 26: Crack pattern in a specimen subjected to pre-compression (step-1) of -1,125 mm: (a) 621 
UR+Hy+Pp and (b) all+Hy+Pp (deformation scale factor ×10). 622 
 623 
The results presented in Figures 25 to 27 show the soundness and capability of the proposed 624 
interface model and numerical tools to analyze failure behavior of concrete components under 625 
coupled thermo-mechanical actions. They provide a simple and effective procedure for evaluating 626 
and, moreover, understanding the temperature and pore-pressure effects on concrete degradation 627 
and failure behavior without the need to explicitly model the hydraulic flux and vapor migration 628 
effects in concrete when subjected to high temperature. 629 
4.5.3. Concluding remarks of mesoscopic thermo-mechanical tests 630 
The results in the above Sections 4.5.1 and 4.5.2 aimed at demonstrating the phenomenological 631 
capabilities of the interface model to reproduce failure processes of concrete under combined 632 
mechanical, thermal and pore-pressure effects. Experimental studies, dealing with this kind of 633 
boundary conditions and complex actions are currently not available in the literature to properly 634 
verify the numerical-to-experimental soundness of the proposed mesoscopic thermo-mechanical 635 
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simulations. In spite of this, the included results clearly demonstrate that the proposed non-linear 636 
interface model formulation is able to provide realistic results and to reproduce the influence of the 637 
pore-pressure, de-hydration rules, strains induced by high temperature and the mechanical action on 638 
the overall composite mechanical response.   639 
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5. CONCLUSIONS 640 
This paper proposed a mesoscopic approach based on non-linear thermoplastic and interfaces for 641 
modeling the failure response of porous cohesive-frictional composites induced by thermal damage 642 
due to the exposure to high temperature fields.  643 
Particularly, the following main findings are proposed and discussed in this paper: 644 
- A novel coupled pore-pressure based thermo-mechanical interface model for concrete, under 645 
the effects of intensive heating, has been proposed.  646 
- The interface proposal accounts for the damage induced by the temperature dependent pore-647 
pressure through a simple but very effective procedure;  648 
- In this sense, the proposed interface constitutive equations are defined in terms of the 649 
“effective stresses” and pore-pressure, thereby, the influence of the last one on the normal 650 
total interface stress is taken into account;  651 
- The strongly coupled multi-physics of the considered problem and the non-linear response 652 
of the interface model is activated not only by kinematic discontinuities but also by thermal 653 
and hydraulic processes;   654 
- The proposed interface model allowed accurate and realistic mesoscopic simulations of 655 
concrete cracking when exposed to high temperature;  656 
- Additionally, this discontinuous formulation was able to capture the strong thermal 657 
sensitivity of concrete’s mechanical response, in the range from room to high temperature. 658 
The numerical predictions of the proposed interface model for coupled thermo-mechanical failure 659 
analysis were evaluated under different temperature, mechanical conditions and pore-pressure 660 
effects considering a huge variability of test cases and boundary conditions. It is important to 661 
remark that the main purpose and intention of this investigation was to present a novel and effective 662 
model formulation and methodology to consider the pore-pressure concentration effects on concrete 663 
failure mechanism, when subjected to the combined action of temperature diffusion and mechanical 664 
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loading. The results demonstrated the phenomenological capability of the interface model to 665 
reproduce the above mentioned coupled thermo-mechanical processes in concrete. It should be said 666 
however that, so far, the experimental analysis of concrete specimens subjected to those complex 667 
combined thermo-mechanical actions, under non-uniform temperature and non-residual state, is an 668 
ongoing subject and, therefore, the available data in the literature are still insufficient. The 669 
comparison between numerical predictions with experimental results of concrete elements subjected 670 
to such combined mechanical and thermal actions (not residual tests) will be the main focus of a 671 
subsequent paper.     672 
As a final comment, it is worth to mention that the proposed interface model can also be employed 673 
in multiscale studies with some of the involved physical, mechanical and thermal variables being 674 
evaluated through homogenization procedures. Moreover, the proposed temperature-dependent 675 
interface model can be easily extended for 3D thermo-mechanical failure analyses of concrete 676 
components subjected to thermomechanical actions. These two latter represent straightforward 677 
applications of the model and will be the scope of future works in this research line. 678 
 679 
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